Introduction
Twisted nematic liquid-crystal displays (TNLCDs) find several uses, ranging from wristwatches to dashboards of automobiles/aeroplanes, as also in various scientific equipments. Display devices (including TNLCDs) are needed even in high-radiation-prone areas such as nuclear installations and war fields. Preliminary studies on some liquid crystals suggest that their physical properties are highly affected by radiation [1] [2] [3] [4] [5] [6] . Most often the transition temperatures and the stability of various liquid-crystalline mesophases are strongly affected by radiation [2, [4] [5] [6] . The dielectric anisotropy D ¢ e , an important parameter for 'switching of the molecular states' in display devices, is also reduced and in some cases changes its sign due to high-dose irradiation [2, [4] [5] [6] . It is therefore important to study the effect of various types of radiation on liquid crystal display materials in order to know their success and failure rates. Conversely, by using appropriate type of irradiation it should be possible to control their display properties.
Pentyl cyano biphenyl (5CB) is well known liquid-crystal material and most of its physical properties are well documented [7] . The 5CB possesses a nematic phase in the temperature range from 22.0°C to 35.2°C. In the present study, we have irradiated 5CB with a moderate dose of an electron beam having energy of 7 MeV and investigated the changes in their physical properties.
Experimental
The liquid-crystal sample 5CB has been synthesized at the Institute of Chemistry, Military University of Technology, Warsaw, Poland. The irradiation experiments were carried out by the 7 MeV linear electron accelerator (LINAC) set up at the Bhabha Atomic Research Centre (BARC), Mumbai, India. The details of the set up are described elsewhere [8] . The sample was put inside a quartz cell having an internal dimension of 1×10×22 mm for the electron beam irradiation study. Pulses of 2-µs duration were used. The radiolytic transients were analyzed in situ by the kinetic spectrometer assembled at the LINAC site. White light from a 450-W xenon lamp at a 90°angle to the irradiation path was used for probing the transients. The optical path length of the quartz cell was 1 mm. The temperature of the sample inside the cell was maintained just above the isotropic liquid transition temperature, in order to have a transparent medium. This was done because any significant signal was difficult to obtain from the sample when it was turbid, i.e., below the isotropic liquid phase-transition temperature.
The sample was given a cumulative dose of 3 kGy for getting the transient absorption spectra. However, various other amounts of the doses were also given to the sample for getting the steady-state optical absorption spectra using a conventional absorption spectrophotometer. The latter experiments were carried out to see if any stable radiolysis products were formed by the electron-beam radiolysis. The absorbed dose was determined by a chemical dosimeter, an aerated aqueous solution containing 5×10 -4 moldm -3 potassium thiocyanate (KSCN) in the same cell, which was used for the liquid-crystal samples. The geometrical position of the dosimeter sample cell in the irradiation chamber was maintained as that of the liquid crystal samples in order to get a correct measurement of the absorbed dose.
The irradiated and non-irradiated samples were characterized by gas chromatography (GC), GC coupled with a mass spectrometer (GCMS), and Fourier transform infrared (FTIR) spectrometry. The transition temperatures of the irradiated and non-irradiated samples were determined by using a differential scanning calorimeter (Perkin Elmer model DSC-7) and also by polarized-light microscopy. For the dielectric measurements, a cell in the form of parallel-plate capacitor was prepared by using indium tin oxide (ITO) or gold-coated glass plates as electrodes. ITO-coated glass plates give spontaneous homeotropic alignment (long axes of the molecules normal to the plates), whereas gold-coated electrodes give spontaneous planar alignment (long axes of the molecules parallel to the plates).
Active capacitance of the dielectric cell was determined by using standard nonpolar liquids, e.g., cyclohexane [2] . Dielectric data were acquired by using impedance analyzers (HP4194A of Hewlett-Packard and PSM1735 of N4L) in the frequency range from 100 Hz to 10 MHz. The dielectric measurements in the planar as well as in the homeotropic orientations were carried out with a sample thickness of about 10 µm. A probing electric field of 0.5 V rms was applied across the sample. The temperature of the sample was controlled with the help of a commercial hot stage (Instec model HS-1) having resolution limit of ±0.003°C and accuracy of 0.1°C. The temperature near the sample was determined by measuring the thermo-emf of a copper-constantan thermocouple with the help of a 6.5 digit multimeter from Hewlett-Packard (model-34401A) with an accuracy of ±0.1°C. The 10-kHz dielectric data has been taken as the 'static' value, as it is free from low-and high-frequency artifacts [9, 10] and there seems to be no dispersion mechanism up to this frequency. Further details about the experimental techniques used for the dielectric measurements are given in our earlier publications [11, 12] .
Results and discussion
The radiolysis of liquid specimen (regarded as solvent) is known to produce ionization and excitation processes [13] . The initial super-excited state decays into excited states that may be either singlets or triplets, which is further converted to cations and solvated electrons, or anions S Î S ** ® (S + + e -) S ** represents the super-excited state. This primary ionization process could further initiate ionization of other solute molecules if present. There could be even various types of energy transfer reactions in the system, depending on the nature of the solute and solvent molecules. If there are no solute molecules present in the solvent, then there can be secondary events associated with the solvent molecules only. In the case of a very polar liquid like water, the predominant primary radiolytic products are hydrated electrons e aq -, hydrogen radicals H · , and hydroxide radicals OH · [14] . The excited states in this case very rapidly come back to the ground state by energy transfer processes, because water is a very high dielectric permittivity medium. In the case of solvents like methanol, ethanol and amines, wherein the dielectric constant of the medium is much higher than that in other organic solvents, the formation of solvated electrons and parent cations is the most predominant phenomenon. These radiolysis events occur for almost all types of high-energy irradiations like those with gamma rays, electrons, etc. However, the degree of radiolytic damage to the system depends on the linear energy transfer (LET) of the radiation.
The dynamics of the radiolysis of liquid specimens is often studied by the use of a pulse radiolysis set up, such as LINAC. As described above, we have studied the dynamics of electron-beam radiolysis of 5CB. The temperature of the transition from the turbid nematic phase to the isotropic liquid phase is 35.2°C. The transient absorption spectra obtained at a temperature just above the phase transition to its isotropic liquid phase are shown in Fig. 1 . Figure 1 It is clear from these spectra that there exist three absorption peaks at 360 nm, 420 nm, and 480 nm. The initial 420 nm and 480 nm peaks vanish, along with a growth of the 360 nm absorption peak. The transient absorption spectra of 5CB obtained by us fairly match with those reported by Kato et al. [15] .
The kinetics of the transient species at these wavelengths was investigated. The time-resolved transient absorption profiles obtained at the absorption peak positions were found to fit nicely to a bi-exponential equation y y a t t t a t t t = + --+ --
where k 1 = 1/t 1 and k 2 = 1/t 2 . The kinetic parameters are listed in Table 1 . The kinetic profiles along with the fitted curves are shown in Fig. 2 . The transient species, having an absorption maximum at 420 nm, decays initially with a faster time constant of 1.04×10 6 s -1 (97%), and then with a slower time constant of 2.54×10 4 s -1 (3%) at a later time scale. The transient species having an absorption maximum at 480 nm decays with two time constants 3.66×10 5 s -1 (73%) and 3.65×10 4 s -1 (27%). The transient species having an absorption maximum at 360 nm grows with a time constant of 1.52×10 5 s -1 . It is clear from these transient data that the transient radiolytic products (TRPs) having absorption maxima at 420 nm and 480 nm get converted to another TRP, which has already been formed during the radiolysis and has an absorption maximum at 360 nm. Thus, there are three TRPs formed on the electron-beam radiolysis. The overall radiolysis processes are schematically represented in Scheme 1. The exact assignment of the individual TRPs in the compound is difficult to be made in the present study. However, the possibility of the formation of a super-excited species, a radical cation and radical anion and a solvated electron is not ruled out. The samples were repeatedly given several electron pulses, with an absorbed dose up to about 6 to 7 kGy. Then, they were taken out for recording the optical absorption spectra in their transparent liquid form. The absorption spectra of the non-irradiated and irradiated samples are shown in Fig. 3 . The formation of a stable final product after radiolysis (FP), which has absorption at 400 nm, is observed from these figures. Thus, combining this result with the transient's data, it is clear that the three TRPs get converted into one TRP within a time scale about 20 µs that has an absorption peak at 360 nm. This TRP further goes to the FP state, as represented in Scheme 1.
The radiated and non-irradiated samples were analyzed by GC, GCMS, and FTIR spectroscopy. These studies, suggest that up to the given dose of electron irradiation, molecular structure remains almost intact. IR spectra for non-irradiated and irradiated samples are shown in Fig. 4 . Figure 5 shows variation of the longitudinal ¢ e || and transverse ¢ e components of the relative dielectric permittivity and hence dielectric anisotropy D ¢ = ¢ ¢ e e e || -for the pure and irradiated samples. It is worthwhile to mention here that spontaneous homeotropic alignment of the nCB-series compounds with ITO coated glass plates is already known to some extent. However, to the best of our knowledge, we are for the first time reporting here the spontaneous planar alignment of the molecules by using gold-coated glass plates. The good quality of the alignment is well supported by the agreement of our dielectric data with the literature data [6] wherein the molecules are aligned by other techniques (viz. magnetic/electric field). We have observed that up to a radiation dose of 6 kGy, the parameters ¢ e || , ¢ e and hence D ¢ e are almost unchanged. However, for 7 kGy irradiated sample, ¢ e has dramatically increased whereas ¢ e || remains almost unchanged and hence D ¢ = ¢ ¢ e e e || -is reduced (see Fig. 5 ). It is important to mention here that De ¢ and ¢ e are two important parameters which play a vital role in TNLCDs. Threshold voltage V th for planar (bright state) to homeotropic (dark state) orientation is directly proportional to the square root of De ¢. (TVC). In the case of low optical anisotropy Dn, low values of De De ¢ ¢ (< 1) are desired to increase the steepness of TVC. In future, we plan to study affect of still higher doses on these vital parameters as in some other cases we have observed change in the sign of dielectric anisotropy [5] . Since GC, GCMS, and FTIR spectroscopy suggest no change in the molecular structure of these compounds, we believe that the changes in the dielectric parameters of these materials is associated with the formation of a charge transfer (CT) complex (cf. the absorption peak at about 400 nm) [5] [6] [7] as suggested by UV-Vis absorption spectra shown in Fig. 3 . Detailed discussion on the observed changes in dielectric properties due to the irradiation is published elsewhere [16] .
Conclusions
Radiolysis studies on liquid crystal material 5CB have been carried out by using a 2-µs 7-MeV electron pulse at a temperature slightly higher than the temperature at which the liquid-crystal phase passes to the transparent-liquid phase. Time-resolved kinetic spectroscopic measurements were performed during the irradiation. Out of the three different transient species produced during the irradiation, only one transient species was found to be present after about 50 µs from the time of irradiation, which has an absorption maximum at 360 nm. Both of the radiolysed samples have a broad optical absorption at around 400 nm, indicating the formation of a stable (CT) product. These studies would be important for the design and development of radiationsensitive liquid-crystal display systems for nuclear and space programs. We have demonstrated that even low levels of irradiation by high-energy electron beams can cause a significant amount of 'damage'. Important display parameters viz. transverse component of the relative dielectric permittivity ¢ e and hence dielectric anisotropy De ¢ are highly sensitive to electron beam irradiation and thus electron beam can be use to tune these parameters.
